Abstract -To improve the wear behavior of UHMWPE, the correlation between microstructure and wear resistance was studied. In this study it was found that the relationship between wear volume and sliding distance fits a power law. The exponent was used to represent the wear property, and crystal orientation distribution (texture) was used to represent microstructure. Texture analysis showed that four kinds of annealed UHMWPE sheets were all somehow isotropic. This correlates with the wear behavior of these four UHMWPE sheets.
INTRODUCTION
How to improve the longevity of artificial implants is an emerging concern in the orthopedic community. According to the Nationwide Inpatient Sample (NIS) and National Hospital Discharge Survey (NHDS), the number of total hip arthroplasty (THA) was around 160 000 nationally and the ratio of revision to the THA was 17.5% between 1990 and 2003 [1] . It is projected that primary THA procedures will be around 253 000 nationally and the revision ratio will be around 19% by 2010. The most popular implanted prostheses incorporate a metal femoral head articulating against an ultra high molecular weight acetabular cup. The main reason for the failure of the implant is osteolysis promoted by polyethylene wear debris [2, 3] . Improving the wear resistance of the polyethylene cup may extend the life of the prosthetic implant. In these days, the average life of a UHMWPE liner is around 15 years, shorter than the goal of 30 years sought by orthopedists. If the wear resistance is doubled and the product life can be extended to twice the previous one, most of the revision procedures will be eliminated. The minimum age for the procedure can also be reduced.
There are two directions to improve the wear properties: one is to change the chemical structure; the other is to change the microstructure [4] . The first goal can be achieved by chemical reactions, such as irradiation and different synthesis methods. The second one can be achieved by physical processing, such as compression 1 This article was submitted by the authors in English.
under high pressure. To modify the properties, physical processing is preferred because of cost efficiency and feasibility to validate. To design a process to achieve the desired properties, the relationship between the microstructure and properties should be understood. It is well known that the properties are the representative macroscopic behavior of a material with a specified microstructure. Theoretically, the effective properties can be predicted from the microstructure and local properties of components. Wear properties should not be an exception. However, there has been controversy concerning wear theory for over a century. This difficulty is attributed to the complexity of this problem in that there are too many factors to take into consideration: toughness, wear components, geometry, load, and wear testing methodologies. There is still a chance to understand the relationship between the microstructure and the wear resistance if all the other factors are kept constant.
Polyethylenes are a semicrystalline polymer. Orientation distribution (texture) is one aspect of the microstructure in polycrystalline materials representing anisotropy. It has a decisive role in the wear properties. In a previous study, the effect of abrasion in UHMWPE was investigated using a nanoscratch machine within a nanoindentation testing facility [5] . The results show strong evidence of the influence of structure (texture) on wear properties. There have been few works on the relationship of the wear resistance and texture. In this work, the wear resistance and microstructure of four kinds of commercial UHMWPE are studied and correlated. 
Wear Resistance and

EXPERIMENTAL METHODS
Materials Four kinds of conventional UHMWPE stock shapes were provided by MediTECH Medical Polymers. They were fabricated from two resins: GUR1020 and GUR1050 produced by Ticona. Each resin was consolidated using two methods: compression molding and ram extrusion. They are used in THA (total hip arthroplasty) and TKA (total knee arthroplasty), respectively. Some mechanical and thermal properties of the two materials are summarized in the table below:
Texture Measurement
Texture in the initial and the deformed samples was measured by wide angle x-ray diffraction (WAXD) as described previously [6, 7] . The x-ray facility used was a Philips X'Pert PW3040 MRD x-ray diffractometer, equipped with a pole figure goniometer, operating at 40 kV and 45 mA, and employing Ni-filtered Cu Ka radiation. Incomplete pole figures were obtained from the projections of sample orientation with respect to the incident beam, with the α angle varying from 0° to 85° in 5° intervals and the β angle varying from 0° to 360° in 5° steps. The following reflections were analyzed to determine texture components: (110), (200), (020), (011), (201). The diffraction data was corrected for geometric defocusing and background x-ray intensity using standard procedures. A harmonic algorithm implemented in the preferred orientation software package from Los Alamos (popLA) was initially used to calculate the coefficients of the crystallite orientation distribution function. In the second step, the coefficients were used as input in the popLA software to recalculate any pole figure and the crystallite orientation function (ODF). The procedure to reconstruct the experimental pole figures from the specimen orientation distribution was explained in earlier works [7, 8] . An advantage of this method is the possibility of reconstructing any pole figure. For example, the important (002) c-axis pole figure, which is difficult to measure by direct analysis, can be generated by this method.
Tribology Study
Dry sliding wear tests were performed using a CETR tribometer ball-on-disc machine. Using a specified track length, a load was applied on a steel ball to wear the UHMWPE samples for specified cycles. The ball was then removed from the testing apparatus, and the wear scar on the ball was digitized using the PhaseShift optical profilometer. The wear volume of the steel ball was then calculated precisely by numerically integrating the volume between the surface measured with the optical profilometer and the surface of an ideal sphere. Wear resistance along different directions in UHMWPE during processing was studied. The geometry of the sample and definition of different directions in the compressed and extruded sample are shown in Figs. 1a and 1b , respectively. In ram extruded samples, wear resistance along the extruded direction, transverse direction, and diagonal direction were studied. In compression molded samples, the extruded direction is substituted by the longitudinal direction.
RESUKTS AND DISCUSSION
In this study, the microstructure of polyethylenes is represented by texture. The (001) pole figures of these four materials are illustrated in Fig. 2 . Texture measurement results show that all four materials are somehow isotropic. The maximum intensities of the texture com- ponents are lower than 2 times random. This isotropic microstructure is due to the heating history of the samples. All the materials were heated treated (annealed) below the melting point after mechanical processing to relieve residual stresses. The purpose of annealing was to improve the dimensional stability of UHMWPE stock shapes for subsequent machining operations. This procedure also removed most of the anisotropy introduced during extrusion and compression, as shown in Fig. 2 . The microstructure of UHMWPE shown in Fig. 2 indicates that the wear behavior of the materials is also somehow isotropic. Wear is a common phenomenon in engineering materials. There are many methods to study the wear properties, including tribometer, microscratcher, and hip simulator. The Tribometer method is chosen for this study because of the universal nature of this kind of facility and the feasibility to compare the results with other similar facilities. Figure 3 illustrates how the materials are removed from the surface during wear testing on one of the samples, in the transverse direction in the extruded GUR1050 sheet. It is clear that the wear rate is very fast at the beginning and slows down during the test. To compare the wear resistance of different materials, it is necessary to present the wear resistance quantitatively. The most commonly used wear law is postulated by Preston [9] :
where V is the wear volume, K w is the dimensional wear coefficient, W is the load, and L is sliding distance. This law does not work well in the initial stage of the wear test. The wear behavior of most materials is similar to UHMWPE, as shown in Fig. 3 . The relationship of the removed volume with the cycles becomes linear only in a limited range after the initial wear test. In most studies, the initial wear results were discarded and only a part of the results taken were investigated. The wear V K w WL, = law developed by Wang's group at Northwestern University has a broader application [10, 11] . In this principle, average abrasiveness A ( n ) during n ball-on-disc cycles is defined as the total volume of removed volume V divided by the total sliding distance d :
It was found by Siniawski et al. [10] [11] [12] [13] that the average abrasiveness decreased with increasing sliding distance following the power law as
Here A 1 is the abrasiveness of the initial cycle, n is the number of ball-on-disc cycles, and β is the exponent of the power relationship. To verify if UHMWPE follows this power law, the average abrasiveness versus the number of cycles is plotted on a log-log scale in Fig. 4 for the GUR1050 extruded rod sample. It is demonstrated that the wear behavior of UHMWPE is in agreement with the power law in Eq. (3). β is represented by the slope of the line in Fig. 4 , and A 1 is the intercept at the y axis, which is exactly the abrasiveness at the first cycle.
To study the wear resistance of different kinds of UHMWPE along the same direction, the abrasiveness curves of the four UHMWPE samples, tested in the transverse direction, are illustrated in Fig. 5 . It is shown that there is little difference in their behavior. This is in agreement with the microstructure shown in Fig. 2 . There is little difference in texture within these four UHMWPEs. A similar microstructure leads to similar behavior.
To study the anisotropy of wear resistance, the abrasiveness curves of the GUR1050 extruded samples along three directions, including the transverse direc- tion, longitudinal direction, and normal direction, are illustrated in Fig. 6 . There is no obvious difference along different directions in this material. This corresponds to the (001) pole figure of the GUR1050 extruded samples in Fig. 2d . Texture analysis shows there is no strong orientation of the crystals. This is represented by the isotropic wear properties shown in Fig. 6 . In Siniawski's previous tribology study of B 4 C [12-13] using the power law, the slope of the abrasiveness decreased at the same rate regardless of the macroscale nominal contact geometry, no matter if it is ball, cone, or pin-on-disc contact. The parameter β can function as a standard to represent the wear resistance of materials. Figure 7 shows the slope β of the four kinds of UHM-WPE samples along three different directions. There is little difference of β in these samples and no obvious anisotropy. This corresponds to the microstructure revealed by texture analysis in Fig. 2 .
CONCLUSIONS
Dry sliding wear experiments were performed on the four samples of annealed UHMWPE with different resin and different fabrication methods including compression molding and ram extrusion. It was found that the wear behavior of UHMWPE is in agreement with the power law. There is a linear relationship between the abrasiveness and the cycles on the log-log scale. The slope β, exponent in the power law, can be used as a parameter to represent the wear properties of samples quantitatively. Texture analysis shows that all UHMWPE samples have a somehow isotropic microstructure. This corresponds to the isotropic wear behavior. In addition, there is no obvious difference among these four UHMWPE samples. The wear behavior of the UHMWPE samples correlated to their microstructure. 
